Acquiring a new skill requires learning multiple aspects of a task simultaneously. For example, learning a piano sonata requires learning the musical notes and being able to implement this goal by learning the appropriate sequence of finger movements. After practice, skill continues to develop off-line during a period of consolidation. Here we show that different aspects of a procedural memory are processed separately during consolidation: Only the movement sequence is enhanced over the day; whereas only the goal is enhanced over a night of sleep. This double dissociation suggests that distinct systems, enhancing different aspects of a procedural memory, support improvements during consolidation. Consolidation is not a single process; instead, there are multiple routes to off-line learning, and the engagement of these distinct mechanisms is determined by when consolidation takes place. movement control ͉ procedural learning ͉ consolidation ͉ sleep C lassically, a distinction has been made between how a movement is performed and the spatial target or goal of the movement (1). For example, a pianist makes a series of finger movements to fulfill the goal of playing notes in a sonata. Enhanced knowledge of either the finger movements or the goal of these movements can produce an increase in skill (2-4). During practice, distinct mechanisms may be engaged to support the simultaneous acquisition of both components (5-7). Skill can also develop off-line, between practice sessions, during consolidation (8, 9). Skill enhancement during consolidation, like practice, may involve the simultaneous enhancement of both the goal and the movement. Alternatively, the principles operating during consolidation may differ from those during practice: Skill components may be enhanced separately. This result would imply that the mechanisms engaged simultaneously during practice are engaged separately during consolidation.
Acquiring a new skill requires learning multiple aspects of a task simultaneously. For example, learning a piano sonata requires learning the musical notes and being able to implement this goal by learning the appropriate sequence of finger movements. After practice, skill continues to develop off-line during a period of consolidation. Here we show that different aspects of a procedural memory are processed separately during consolidation: Only the movement sequence is enhanced over the day; whereas only the goal is enhanced over a night of sleep. This double dissociation suggests that distinct systems, enhancing different aspects of a procedural memory, support improvements during consolidation. Consolidation is not a single process; instead, there are multiple routes to off-line learning, and the engagement of these distinct mechanisms is determined by when consolidation takes place. movement control ͉ procedural learning ͉ consolidation ͉ sleep C lassically, a distinction has been made between how a movement is performed and the spatial target or goal of the movement (1) . For example, a pianist makes a series of finger movements to fulfill the goal of playing notes in a sonata. Enhanced knowledge of either the finger movements or the goal of these movements can produce an increase in skill (2) (3) (4) . During practice, distinct mechanisms may be engaged to support the simultaneous acquisition of both components (5) (6) (7) . Skill can also develop off-line, between practice sessions, during consolidation (8, 9) . Skill enhancement during consolidation, like practice, may involve the simultaneous enhancement of both the goal and the movement. Alternatively, the principles operating during consolidation may differ from those during practice: Skill components may be enhanced separately. This result would imply that the mechanisms engaged simultaneously during practice are engaged separately during consolidation.
It is possible to distinguish between the goal and the movement components of skill in a procedural sequence learning task (2) . In the present experiment, participants acquired skill in the serial reaction time task (SRTT). In this task, a visual cue can appear at any one of four positions arranged horizontally on a computer screen (10) . Each screen position corresponds to a button on a response box. A trial begins when a cue appears. The participant presses the appropriate response button, ending the trial, and after a short fixed delay, another cue is presented. Unbeknownst to the participant, the visual cues follow a specific spatial pattern that is learned as both a sequence of finger movements and as a sequence of response buttons to push, or goals (2-4). After training with one hand, these two skill components can be distinguished by probing skill with the untrained hand (Fig. 1) . By switching hands, the same finger is no longer associated with the same response. So, although the same sequence of response buttons is required, this goal is achieved by using a different set of finger movements. Thus the goal remains the same, but the order of finger movements changes. Alternatively, it is possible to preserve the order of finger movements but change the sequence of response buttons, thus altering the goal of the movements (Fig. 1A) . These manipulations generate two task configurations: The first (goal configuration) probes goal-based learning, and the other (movement configuration) probes movement-based learning.
After training in the SRTT, the participant's performance was tested (skill 1 ) and 12-h later retested (skill 2 ) in one of the two task configurations (Fig. 1B) . This design allowed goal-or movement-based improvements (skill 2 Ϫ skill 1 ) to be measured. The 12-h intervals were over day (8 a.m. to 8 p.m.) or over to a night of sleep (8 p.m. to 8 a.m.). With two interval types (over day or overnight) and two task configurations (goal or movement), there were four experimental groups. There were also two diurnal control groups (goal or movement configuration), which were tested (8 p.m. or 8 a.m., respectively) and 24 h later, retested.
Methods
Participants. Four experimental groups. Fifty right-hand-dominant [defined by the Edinburgh handedness questionnaire (11)] participants were recruited. At the end of the study, eight participants were removed from further analysis, because they were able to recall, in a free recall test, more than four items of the test sequence. This greater-than-chance recall can prevent the development of off-line improvements over day (refs. 12 and 13; see also Free Recall). An additional two participants who failed to record at least 6 h of sleep in a sleep log were removed from analysis. Data were analyzed from the remaining 40 participants (16 male, 20.9 Ϯ 0.6 y) who were randomly and equally distributed across the four groups. Five participants from the overnight͞goal-task configuration group produced useful sleep recordings by using the NightCap system (Respironics, Pittsburgh) (14) . To perform a correlation analysis between overnight improvements and the percentage of rapid eye movement (REM) and non-REM sleep, an additional four participants were recruited, two of whom produced useful data (one male, both 19 y). Diurnal control groups. For two 24-h groups, an additional 26 right-handed participants were recruited, six of whom were removed from further analysis because, on a free recall test, they were able to accurately state more than four items of the sequence. The remaining 20 participants (10 male, 20.4 Ϯ 0.5 y) were equally and randomly divided between two groups. In one group, testing and retesting of goal-based learning took place at 8 p.m., whereas, in the other group, testing and retesting of movement-based learning took place at 8 a.m.
Experimental Design. Performance in a procedural sequence learning task (SRTT; see below) was measured before and after a 12-h interval (Fig. 1B) Fig. 1B ). The test block before (skill 1 ) and after (skill 2 ) the interval was designed to probe either movement-or goal-based skill. The difference (skill 2 Ϫ skill 1 ) between these measures showed the amount of skill that had developed off-line. We measured the off-line development of either goalor movement-based improvements by using two task configurations (goal͞movement) across two intervals (day͞night), giving a 2 ϫ 2 factorial design.
For the diurnal control groups, the interval between testing and retesting was increased to 24 h: Participants were either tested and retested at 8 p.m. on the goal configuration or tested and retested at 8 a.m. on the movement configuration of the task.
SRTT. We used a modified version of the SRTT (10) . A solid circular stimulus (diameter 20 mm, viewed from Ϸ800 mm) appeared on a monitor at any one of four possible positions within an equally spaced horizontal array. Each of the four possible positions corresponded to one of the four buttons on a response pad (RB-410, Cedrus, San Pedro, CA), upon which the participants' fingers rested. When a target appeared, participants were instructed to respond by pressing the appropriate button on the pad. Having made the correct response, the cue on the screen disappeared and was replaced by the next cue after a delay of 400 ms. If the participant made an incorrect response, the stimulus remained until the correct button was selected. Response time was defined as the interval between presentation of a stimulus and selection of the correct response. The task was introduced to participants as a test of reaction time. The type of off-line improvement was assessed by using two different configurations of the SRTT. After training with their right hand, all participants switched hands, allowing the desired component of skill to be isolated.
Goal-based skill was assessed by changing the specific pattern Visual cues presented on a screen guide the acquisition of skill during practice. Skill in this task is due to learning a series of finger movements (e.g., -middle-little-ring) combined with learning a sequence of response buttons (e.g., -2-4-3), or goals (2). Switching hands makes it possible to distinguish between these skill components: (i) maintaining the goal (e.g., -2-4-3) but altering the order of finger movements (goal configuration) measures the skill derived from knowledge of the goal (i.e., knowledge of the sequence, independent of the fingers used), whereas (ii) maintaining the order of finger movements (e.g., -middle-little-ring) but altering the goal (movement configuration) measures the skill derived from the finger movements (i.e., knowledge of the specific finger movements, independent of the sequence of response buttons). This later type of manipulation produces a mirror sequence [e.g., from -2-4-3 to -3-1-2, (7, 27) ]. (B) The first session consisted of a single training block sandwiched between two test blocks. A participant's skill (skill 1) was ''probed'' by using either the goal or movement configuration of the task. During the second session, 12 or 24 h later, the same skill component was probed by using a single test block. Within each block, sequential trials (white blocks) were sandwiched between random trials (gray blocks). A standard measure of skill in this task is to calculate the difference between the response times of the sequential and the following random trials (10, 12, 15) . During the first session, participants initially performed the task with their right hand (Right Standard), before switching to their left hand for the test block. This manipulation allowed the skill acquired with the right hand to be decomposed into goal-and movement-based components. Switching hands can alter the sequence of finger movements used to achieve the same sequence of spatial goals (Left Standard), providing a measure of goal-based skill. Alternatively, transforming a standard sequence into a mirror sequence (e.g., from -2-4-3 to -3-1-2) alters the sequence of spatial goals but preserves the finger movement sequence (Left Mirror), providing a measure of movement-based skill.
of finger movements (by switching hands) while preserving the sequence (2-3-1-4-3-2-4-1-3-4-2-1) of response locations. Movement-based skill was assessed by changing the sequence of response locations (from 4-2-3-1-4-2-1-2-4-3-2-3 to its mirror 1-3-2-4-1-3-4-3-1-2-3-2), which (having switched hands) preserved the specific pattern of finger movements learned during training (Fig. 1A) . These two sequences of response location did not share any common triplets, minimizing the potential for goal-based transfer between the sequences and providing an uncontaminated probe for movement-based skill (Fig. 1A) . The training block had 25 repetitions (300 trials) of a 12-item sequence. The two test blocks had only 15 repetitions (180 trails). Each block had a similar structure. For all blocks, 50 random trials preceded and followed the sequential trials (Fig. 1B) . Within these random trials there were no item repeats. Each set of random trials in the training and test blocks were unique. However, the random trials were identical across all groups.
Free Recall. An earlier study has demonstrated that individuals' propensity to develop off-line improvements is related to their ability to recall segments of the sequence. Those recalling, on average, more than eight items show only overnight improvements; whereas those reporting four or less items consistently show improvements with or without sleep (13) . We wished to examine the nature of both over day and overnight improvements, so participants correctly recalling more than four correct items of either the goal or movement sequence were removed from further analysis.
Data Analysis. Response time, which was defined as the time taken to make a correct response, was used in the main analysis. Any response time longer than 2.7 SDs (i.e., the top one percentile) from a participant's mean was removed, as was any response time exceeding 3,000 ms. A learning score was calculated by subtracting the average response time of the final 50 random trials from the average response time of the preceding 50 sequential trials. This widely used measure of skill factors out nonspecific influences on response times to give a specific measure of sequence learning (10, 12, 15) . Skill before the interval (skill 1 ) was calculated by using the final test block of the first session, and skill after the interval (skill 2 ) was calculated by using the first and only test block of the second session (Fig. 1B) . The difference (skill 2 Ϫ skill 1 ) between these learning scores gave a measure of off-line learning. An ANOVA was used to compare the amount of initial skill (skill 1 ) and off-line learning across the experimental groups, and unpaired t-tests were used to make planned comparisons between groups. To test for off-line learning within each group, paired t-tests were used to compare skill 1 to skill 2 . Overnight skill improvements were correlated with the total percentage of REM by using a linear regression. Finally, an ANOVA was also used to compare between the number of incorrect responses made during the sequential trials at testing and retesting, and how this varied across the experimental groups. These general performance improvements are factored out when using the standard measure of skill for this task, the difference between response times to sequential trials (black square Ϯ SE), and the following random (black circle Ϯ SE) trials (10, 12, 15) . When random trials are introduced after sequential trials (postrandom trials), participants continue to play out the sequence. This produces proactive interference from the sequential to the random trials. The amount of this interference remains unchanged at testing and retesting when there is no off-line learning (over day͞goal and overnight͞movement). In these groups, there is a significant decrease in the response time to the postrandom trials between testing and retesting [paired t test, t(19) ϭ 3.5, P ϭ 0.002]. This reflects the general improvement in task performance. In contrast, the effects of increased proactive interference, which result from an enhancement of sequence specific skill off-line (over day͞movement and overnight͞ goal) counteract this general performance improvement. Consequently, there is no significant change in the response time to the postrandom trials between testing and retesting in those groups that show off-line improvements [paired t test, t (19) Diurnal control groups. Expression of skill improvements may be coupled to a particular time of day. To explore this issue, we recruited two additional groups. In one group, goal-based skill was tested and 24 h later retested at 8 p.m.; in another group, testing and retesting of movement-based skill took place at 8 a.m. These 24-h intervals were selected because they gave an opportunity for skill improvements to be assessed at a time of day other than when improvements had been observed in the main experiment. This allowed us to examine whether goal-based improvements were specific to 8 a.m. and movement-based improvements were specific to 8 p.m. Significant goal-based improvements were detected at 8 p.m. [average improvement 36 ms, paired t test, t(9) ϭ 3.685, P ϭ 0.005, Fig. 3 ], and these were similar in magnitude to the overnight goal-based improvements detected at 8 a.m. [unpaired t test, t(18) ϭ 0.048, P ϭ 0.962].
Results

Participants
Equally, significant movement-based improvements were detected at 8 a.m. [average improvement 18 ms, paired t test, t (9) ϭ Ϫ2.795, P ϭ 0.021, Fig. 3 ], and these were similar in magnitude to the movement-based improvement that developed over day and were originally detected at 8 p.m. [unpaired t test, t(18) ϭ 0.231, P ϭ 0.820].
Discussion
We found that goal-based improvements developed exclusively overnight, whereas movement-based improvements developed exclusively over day. This double dissociation suggests that distinct mechanisms, enhancing different aspects of a procedural memory, can support off-line learning. The differential engagement of these mechanisms over day and overnight may be related to neurophysiological changes associated with sleep and wake (16) . Alternatively, physiological factors associated with the circadian cycle may account for the differential off-line processing of skill over these intervals. Nonetheless, the interval when consolidation takes place determines the mechanism engaged to support off-line improvements and, consequently, the nature of this improvement. Several issues should be considered when interpreting these results: The opportunity for further practice at retest, and diurnal factors affecting skill expression. This double dissociation cannot be explained by further practice at retesting because the retest block is insufficient to support the acquisition of further skill (13, 17) , and the differential performance changes were observed despite an identical number of retest trials across all groups.
Diurnal factors seem unlikely to have played a major role in the expression of skill in this task because the amount of skill expressed at the end of training (skill 1 ) was the same at 8 a.m. and 8 p.m. Furthermore, the 24-h groups showed that the expression of off-line improvement was not coupled to a particular time of day (Fig. 3) .
Many studies have demonstrated the capacity of individuals to transfer skill between hands (i.e., intermanual transfer, e.g., refs. 4, 6, 7, and 18) . Usually this is when the spatial sequence is unchanged but the finger movements are changed, equivalent to measuring goal-based skill (2) , or what has alternatively been called effector-independent skill (5) . A few studies have also demonstrated intermanual transfer when the spatial sequence is changed but the sequence of finger movements is unaltered. This is equivalent to measuring movement-based skill, or what has alternatively been called effector-dependent skill (5) (6) (7) . Such a term is a slight misnomer; after all, the skill is assessed by switching hands and so would appear to be independent of the effector or hand used during training. But it is still the same fingers, albeit of the opposite hand (i.e., the homologous fingers, e.g., right index switches to the left index finger) that are performing the movement, so it earns the term effector dependent. Observing both these types of intermanual transfer suggests that goal-and movement-based skills are acquired simultaneously during practice (5, 6) . Consistent with this, there was no significant difference in the magnitude of these two skill components after the same amount of practice (session 1, skill 1 ). These skill components are expressed within different coordinate frames: goal-based skill occupies an allocentric (spatial͞ extrinsic) coordinate frame; whereas movement-based skill occupies an egocentric (intrinsic) coordinate frame (2) . This distinction can be applied to other types of learning such as maze learning (19) , and recent work indicates that there may be an interaction between these different coordinate frames (20) .
To probe either the goal or movement skill component, participants switched from using their right hand to using their left hand. Thus both components were measured in the untrained hand. Previous studies have adopted a similar approach by using skill transfer from the right to the left hand to Fig. 3 . Goal-based improvements develop only overnight, whereas movement-based improvements develop only over day. Off-line skill improvements (with SEs) are shown. Goal-or movement-based skill was tested before (skill 1) and retested after (skill 2) an interval of 12 h (main experimental groups to the left of the dotted line) or 24 h (diurnal control groups to the right of the dotted line). The skill at testing and at retesting in the main experimental groups is shown in Fig. 2 . For all groups, the difference between these measures (skill 2 Ϫ skill 1 ) is shown above. Where the difference is significantly greater than zero, off-line learning had occurred. Goal-based improvements were observed only when the interval included a period of sleep (8 p.m. to 8 a.m.). These improvements are not coupled to a particular time of day, because they can still be observed in the evening (8 p.m. to 8 p.m.). Movement-based improvements were observed over day (8 a.m. to 8 p.m.) but not overnight (8 p.m. to 8 a.m.). These improvements were also not coupled to a particular time of day, because they could still be observed in the morning (8 a.m. to 8 a.m.). This double dissociation suggests that off-line learning can be supported by distinct mechanisms enhancing different aspects of a procedural memory.
decompose skill into goal-and movement-based components (4) . However, the transfer of skill between hands was not the focus of our study. Instead, the important measure was the skill expressed by all participants by using their left hand at initial testing and at retesting. Consequently, the off-line improvement was based on the skill expressed by using the same hand.
During practice, distinct circuits are simultaneously engaged to support goal-and movement-based learning (5, 7). Movement-based learning engages the primary motor cortex (M1), whereas goal-based learning recruits the parietal and prefrontal cortices (5, 21) . These distinct circuits are differentially affected by sleep and wake (22) . Our results suggest that sleep and wake may also differentially affect the different aspects of a skill encoded within these distinct brain areas. Fronto-parietal areas, responsible for encoding goal-based aspects of a skill, show sleep-related activity changes (22) , and goal-based improvements in this study developed exclusively over an interval containing sleep. Changes in parietal activity have been associated with overnight skill improvements (23) (24) (25) . In contrast, M1, responsible for encoding movement-based aspects of a skill, is known to make a critical contribution to skill improvements over the day (17) .
The development of goal-based improvements overnight may reflect the integration of diverse sources of information acquired during practice (26) . In particular, integration during REM sleep, which correlates with goal-based improvements, would allow the construction of a flexible goal-based representation of the learned sequence, divorced from the particular muscle groups used to carry out the movements. In contrast, during wake the capacity for neuroplastic changes may be restricted to those cortical regions that support the movement-based aspect of a procedural memory, facilitating rapid execution of the specifically trained movements. Observing a type of skill improvement exclusively over wake challenges the prevailing notion that sleep is unique in being able to enhance skill memories during consolidation (9) . Instead, both wake and a night of sleep appear to make unique and distinct contributions to off-line learning.
Improvements occur over day and overnight when participants acquire a skill unintentionally (13) . In contrast, exclusively overnight improvements have been observed when participants intentionally acquire a motor skill (9, 13) . Perhaps these later tasks are predominately goal-based. Earlier work has shown that goal-based improvements develop in these tasks (18) . Without a significant movement-based component, it may be impossible, in such tasks, for off-line learning to occur over the day.
Conclusion
We have demonstrated that two distinct mechanisms, enhancing different aspects of a procedural memory, can support off-line learning. The engagement of these distinct mechanisms is related to when consolidation takes place: Movement-based improvements develop over day; whereas goal-based improvements develop over a night of sleep. This deepens our understanding of consolidation by showing that off-line skill enhancement depends on multiple distinct processes that are preferentially engaged depending on when consolidation takes place.
